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We experimentally demonstrate the manipulation of two-orthogonal 
components of a spin wave in an atomic ensemble. Based on Raman two-photon 
transition and Larmor spin precession induced by magnetic field pulses, the coherent 
rotations between the two components of the spin wave is controllably achieved. 
Successively, the two manipulated spin-wave components are mapped into two 
orthogonal polarized optical emissions, respectively. By measuring Ramsey fringes of 
the retrieved optical signals, the π/2-pulse fidelity of ~96% is obtained. The presented 
manipulation scheme can be used to build an arbitrary rotation for qubit operations 
in quantum information processing based on atomic ensembles.  
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 The coherent manipulation of quantum states in memory elements plays an important 
role in quantum information processing (QIP) [1-3]. Atomic ensembles with the ability of 
collectively enhanced coupling to a definite light mode [2] can serve as good quantum 
memory elements and have attracted considerable attention in recent years [1-3]. By using 
techniques of electromagnetically induced transparency (EIT), the storage and retrieval of 
photon states have been successfully accomplished with atomic ensembles [2]. The 
coherent memory time has reached to one second time scale in a BEC ensemble via 
controlled nonlinear interactions [4]. Quantum memories for single spin-wave excitation 
created via Raman scattering or EIT storage in atomic ensembles have been demonstrated 
[5-6]. Recently, the experimental studies on collective qubit memory used to achieve the 
atom-photon entanglement have had great progress. In these studies [7-9], two orthogonal 
[7] or two spatially distinct [8] spin waves, or two atomic ensembles shared a spin-wave 
excitation [9] are used to encode the long-time atomic qubit. The life time of qubit memory 
for optical lattice spin wave has reached to 3ms [7]. QIP schemes based-on atomic 
ensembles such as the entanglement swapping [1], the multipartite entanglement of atomic 
ensembles [3, 10], the controlled-NOT gate [10], and quantum computation with 
probabilistic quantum gates [11] have been proposed. In these proposed schemes, the 
memory qubits may be encoded in two orthogonal spin waves and single-bit operations are 
required. Single qubit gate operations are the R(θ, ϕ) and Rz(φz) rotations [12], which can 
be used to build an arbitrary rotation on the Bloch-sphere. The single qubit operations have 
been realized in single ion [12] or quantum dot system [13], while, it has not been 
demonstrated in atomic ensembles so far. The R(θ,ϕ) and Rz(φz) rotations in a spin-wave 
basis is a important precondition to perform a single qubit operation based on atomic 
ensemble. Recently, the experiment of the coherence transfer between two storage channels 
in BEC [4] has been realized. However, the required rotation of the spin wave for 
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 performing a single qubit operation still has not been achieved.  
Here, we present the first experimental demonstration of the two unitary rotations R(θ,ϕ) 
and Rz(φz) in the basis formed by two-orthogonal  components of a spin wave in an atomic 
ensemble. The spin wave is created by storing a left-circularly-polarized optical pulse in 
atomic ensemble via EIT dynamic scheme. Utilizing Raman two-photon transition, the 
R(θ,ϕ) rotation is achieved, with the coherence transfer efficiency of ~97%. Also, By 
applying a variable magnetic field pulse (with ~7µs width), the Rz(φz) rotation by any angle 
is also implemented. The π/2-pulse fidelity of about 96% is measured by observing Ramsey 
interference for a pair of π/2 Raman pulses. Such coherent manipulation can build an 
arbitrary rotation on the Bloch-sphere, thus it is an important progress toward 
implementing the memory qubit operation in atomic ensembles.  
Fig.1(a), (b) and (c) illustrate the 87Rb relevant levels involved in the storage, Raman 
manipulation and readout processes, where 1,1,5 2/12 +===↑ FMFS , 1,1,5 2/12 −===↓ FMFS , 
1,2,5 2/1
2 +=== FMFSs  and 0,1,5 2/12 ==′= FMFPe . Considering the atomic spin wave 
associated with the coherence between the state s and the superposition state 
↓+↑=Φ Δ− βα ie  ( 122 =+ βα ), we introduce a collective, slowly varying atomic 
operator, appropriately averaged over a small but macroscopic volume with atomic 
numbers of Nz.>>1 at positions z [14], , ( ) ∑ = Φ−Φ = z aNj tijszs eNtz 11 ˆ),(~ ωσρ jjjs s Φ=Φσˆ  is 
the spin flip operator for the jth atom, ωa is the frequency of the transition s ↔ ↑ . The 
dark state polariton (DSP) describing the transfer between the spin wave and the optical 
signal field ),(ˆ tzε can be written as [14]: ),(~)(sin),(ˆ)(cos),(ˆ tzNttzttz sΦ+=Ψ ρϑεϑ  , 
where CgNt Ω= /)(tanϑ ,  is the Rabi frequency of the (reading or writing) coupling  
beam, N is the atomic number. All the number states created by  are dark states: 
CΩ
),(ˆ tzk
+Ψ
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( ) ( ) Nnkkn nD ΦΦΨ= +− ...0ˆ! 11 , where  is the plane-wave decomposition of 
[14]. Introducing  
)(ˆ tkΨ
ikz
k k
ettz )(ˆ),(ˆ ∑ Ψ=Ψ jijj e ↓+↑=Φ Δ− βα  into the expression of 
),(~ tzsΦρ , we have ),(~),(~),(~ tzetztz siss ↓Δ−↑Φ += ρβραρ , where 
ti
j
N
j jzs
az esNtz ωρ ↑= ∑ =−↑ 11),(~  and tijNj jzs az esNtz ωρ ↓= ∑ =−↓ 11),(~  are the two spin-coherence 
operators, the real number α  ( ) and 2α β  ( ) can be regarded as coherence amplitudes 
(populations) of the 
2β
),(~ tzs↑ρ  and ),(~ tzs↓ρ  components respectively,  is the relative 
phase between them. Since the spin-coherence operators 
Δ
),(~ tzs↑ρ  and ),(~ tzs↓ρ  are 
orthogonal to each other ( 0),(~),(~ =+↓↑ tztz ss ρρ ), they form a spin-coherence basis 
{ ↑s  and ↓s }. In this basis, the spin wave can be rewritten as a 
vector: ( )↓Δ−↑ΦΦΦΦ +== sisssss etztztzS σβσαρσρ ˆˆ),(~ˆ),(~),(ˆ , where ),(~ tzsΦρ  is the 
expectation value of the spin wave, ( ) ∑ =−= zNj jjzsl lsN 11σˆ  (l =↑, ↓) is the basis 
vector. With the projections of the basis vector 1=↓=↑ ↓↑ ss ss σσ ))  (where 
∑ == zNj jll 1 , l =↑, ↓ and s), we calculate the projections of spin wave on the basis 
vectors: ),(~),(ˆ tztzSs sΦ=↑ ρα , ),(~),(ˆ tzetzSs si ΦΔ−=↓ ρβ . Writing the basis 
unit vectors as: ⎟⎟⎠
⎞⎜⎜⎝
⎛=↑ 0
1
ˆ
sσ  and ⎟⎟⎠
⎞⎜⎜⎝
⎛=↓ 1
0
ˆ
sσ , the spin wave vector can be rewritten as: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛= Δ−ΦΦ β
αρ iss etztzS ),(
~),(ˆ , which can be regarded as the superposition of the 
two-orthogonal spin-wave components ⎟⎟⎠
⎞
⎜⎜⎝
⎛= Φ↑ 0),(
~),(ˆ
αρ tztzS ss and 
⎟⎟⎠
⎞
⎜⎜⎝
⎛= Φ↓ βρ
0
),(~),(ˆ tztzS ss . and  will be converted to left- and 
right-circularly ( - and -) polarized optical fields , respectively, when a reading 
beam is used for reading the spin wave. Considering the retrieval efficiency, the retrieved 
),(ˆ tzS s↑ ),(ˆ tzS s↓
+σ −σ out±ε
 
 optical field is: ⎟⎟⎠
⎞
⎜⎜⎝
⎛=⎟⎟⎠
⎞
⎜⎜⎝
⎛= Δ−
↓
↑Φ
−
+
βη
αηρε
εε isout
out
out
e
tzN
tz
tztz ),(~
),(
),(),( , where ↑η ( ↓η ) is the retrieval 
efficiency from the channel  ( ). The retrieval efficiency ),(~ tzSs↑ ),(
~ tzSs↓ ↑η ( ↓η ) is 
proportional to the OD (optical depth) [15] of the transition e↔↑  ( e↔↓ ). Since the 
transitions e↔↑  and e↔↓  are symmetric, so ηηη == ↓↑ . Thus we have: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛∝⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ−Φ
−
+
β
αρηε
ε
isout
out
e
tzN
tz
tz ),(~
),(
),( . It is obvious that the readout field  directly 
copy the polarization information of the spin wave vector.  
),( tzoutε
We now explain why the ),( ϕθR and )( zzR φΔ rotation of the spin wave vector  
on the Bloch sphere can be implemented by means of Raman two-photon transition and 
controllable Larmor spin precession. For the initial condition of 
),(ˆ tzS
↑=Φ )0( , the spin wave 
is expressed by ⎟⎟⎠
⎞
⎜⎜⎝
⎛= ↑ 0
1
)0,(~)0,(ˆ zzS sρ . We will see that the coherence population can be 
transferred between  and  channels via Raman two-photon transition. 
The Raman laser beam consists of σ
),(ˆ tzS s ↑ ),(ˆ tzS s ↓
+- and σ−- polarized light fields  and , which 
couple to 
+RE −RE
e↔↑  and e↔↓  transitions, respectively, with a two-photon detuning 
0≈Rδ  and a larger single-photon detuning RΔ (see Fig.1(b)). If both the nature width Γ  
and the Rabi frequencies hERR /±±± =Ω μ  are significantly smaller than the detuning RΔ , 
the upper state e  is adiabatically eliminated, and the effective interaction Hamiltonian is 
given by ( )∑ = +↓↑Ω−= Nj jjReff cHhH 1 .2/ˆ , where RRRR ΔΩΩ=Ω −+ 2/  is the Raman-Rabi 
frequency. From the  Hamiltonian , we obtain the solutions of the superposition state 
 for an any atom and then solve the evolution equation of the spin wave , 
which can be described by a unitary Raman rotation 
effHˆ
)(tΦ ),(ˆ tzS
),( ϕθR  and we have 
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 ),(~)0,(~),( tzSzSR →ϕθ , where 
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎝
⎛
−
−
=
−
2
cos
2
sin
2
sin
2
cos
),( θθ
θθ
ϕθ
ϕ
ϕ
i
i
ie
ie
R
, tRΩ=θ  and −+ −= ϕϕϕ  is 
the phase difference between σ+ and σ − Raman fields  and . In the following we 
will discuss why the relative phase 
+RE −RE
Δ can be controllably changed by Larmor precession. 
In a magnetic field, the two spin-wave components  and  experience 
Larmor precession [16] and get phase shifts 
),(ˆ tzSs↑ ),(ˆ tzSs↓
1ψ  and 2ψ  respectively, which introduce a 
relative phase 21 ψψφ −=z  after an evolution time interval t. The evolution of the spin 
wave is described by ⎟⎟⎠
⎞
⎜⎜⎝
⎛== ↑ β
αρφ φziszz ezzSRtzS )0,(
~)0,(ˆ)(),(ˆ , where  is the 
matrix rotation and the initial spin wave is assumed to be 
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
zizz e
R φφ 0
01
)(
⎟⎟⎠
⎞
⎜⎜⎝
⎛= ↑ β
αρ )0,(~)0,(ˆ zzS s . It is 
obvious that the spin wave acquire a relative phase 
zφ=Δ  due to Larmor precession. 
The experimental setup is shown in Fig.1(d). A cold 87Rb atomic cloud released from a 
magneto-optical trap (MOT) serves as the atomic ensemble. The measured optical depth of 
the cold atoms is about 1.5 and the trap temperature can reach ~200 µK. A 780 nm 
-polarized pumping laser couples to the transition −σ 1,5 2/12 =FS ↔ 1',5 2/32 =FP  to prepare 
atoms into ↑  state. The -polarized input optical signal field  is tuned to the 
transition 
+σ ),(ˆ tzinε
e↔↑ , and goes through cold atoms along z axis. The -polarized writing 
beam W (with a power of ~1 mW and a diameter of 2.5mm) is tuned to the transition 
+σ
es ↔  and goes through the cold atoms with a small angle of ～0.5° from the z axis. 
The linearly-polarized Raman laser beam (with a ~5.2mm diameter) passing through the 
cold atoms with an angle of ～1° from the z axis provides - and -polarized Raman 
fields  and , which respectively couple to the transitions 
+σ −σ
+RE −RE ↑ ↔ e  and ↓ ↔ e  
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 with a detuning . We use an analogue AOM to modulate Raman laser amplitude 
and then obtain a Gaussian-shape pulse with a time width of 2.1µs. A -polarized reading 
beam (with a power of ~17.7 mW and a ~2.8mm diameter) couples to the transitions 
MHzR 90≈Δ
+σ
s ↔ e  to retrieve the two spin-wave components  and . In the 
experiment, the MOT is switched off, and at the same time, a dc magnetic field B
),(ˆ tzS s↑ ),(ˆ tzS s↓
0 of ~300 
mG along the z axis is applied, so the z-direction quantization axis is well defined. Then the 
780 nm pumping and the -polarized writing laser beams are turned on to prepare the 
atoms into the single Zeeman state 
+σ
↑ . After 300 µs, the -polarized probe pulse (with a 
power of ~17µW and a pulse length of 200 ns) is turned on. By switching off the 
-writing laser beams at time t=0, the signal field is stored into the atomic ensemble and 
create a initial spin wave 
+σ
+σ
⎟⎟⎠
⎞
⎜⎜⎝
⎛= ↑ 0
1
)0,(~)0,(ˆ zzS sρ . The stored spin wave will be unitarily 
transformed into ⎟⎟⎠
⎞
⎜⎜⎝
⎛= Δ−↑ β
αρ is eztzS )0,(
~),(ˆ  by Raman manipulation and/or Larmor precession 
and then is retrieved at time t. During the reading process, the two spin-wave components 
 and  are converted into the - and -polarized output optical signal 
fields and , respectively. After passing through a λ/2-wave-plate, and 
 will become vertical and horizontal polarizations, respectively, and then are split by 
a polarization splitter (PBS). The separated and  signals are detected by D1 
and D2 detectors, respectively. 
),(ˆ tzSs↑ ),(ˆ tzS s↓
+σ −σ
out
+ε out−ε out+ε
out
−ε
out
+ε out−ε
To perform a spin wave R(θ,ϕ) rotation induced by Raman laser pulse, we first 
observe the population transfer from  and  components as the function of 
the rotation angle θ. Curves (+) and (-) in Fig.2(a) show the retrieved signals and 
 from the stored spin wave 
),(ˆ tzSs↑ ),(ˆ tzS s↓
)(tout+ε
)(tout−ε ⎟⎟⎠⎞⎜⎜⎝⎛= ↑ 0
1
)0,(~),(~ ztzS sρ  at t=17µs when Raman laser 
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 beam is not applied. It can be seen that there is only readout signal (Curve (+)) and 
no readout signal (Curve (-)), which means that the spin coherence does not freely 
exchange between  and  channels. Curves (+) and (−) in Fig.2(b) exhibit 
the retrieved signals and  simultaneously while a linearly-polarized Raman 
laser pulse with a peak power P
out
+ε
out
−ε
),(ˆ tzSs↑ ),(ˆ tzS s↓
out
+ε out−ε
R=77mW and a pulse width sR μτ 1.2=  is applied. The 
results show that the spin wave is flipped, which corresponds to a π-pulse operation. To 
describe the relative value of readout fields  and  to the original 
readout, we defined a normalized retrieval efficiency
)(tout+ε )(tout−ε
)(0 t
outε
∫
∫ ±
± =
dtt
dtt
N
out
out
2
0
2
)(
)(
ε
ε , 
where ∫ dttout 20 )(ε  corresponds to the retrieved photon numbers from the spin wave 
without experiencing Raman laser manipulation at t=17μs. The square (circle) points in 
Fig.2(c) presents the normalized retrieval efficiencies  ( ) as the function of 
Raman-Rabi frequency . The solid curves in Fig.2(c) are the fits to the experimental 
data based on functions 
+N −N
RΩ
2/)2cos1( RRB τπ Ω± , with the parameter . The fits 
present sinusoidal Rabi oscillations which are consistent with the theoretical predictions 
82.0=B
2/)2cos1( RRN τπΩ±=± . At πτπθ =Ω= RRB2 (see upper axis in Fig.2(c)), the population 
transfer efficiency reaches ~97%.  
We then measure the phase ϕ in the rotation R(θ,ϕ) induced by Raman laser 
manipulation. The relationship between ϕ and the orientation angle 
Rϕ  of the 
linearly-polarized Raman laser is Rϕπϕ 22/ −−= . ( 0=Rϕ  corresponding to the vertical 
polarization). By applying a 2/π -Raman-pulse with a variable ϕR, we transform the 
initial spin wave  into )0,(ˆ zS
⎟⎟⎠
⎞⎜⎜⎝
⎛=
Rie
z
tzS ϕ
ρ
2
1
2
)0,(~
),(ˆ
. After a storage time t=17µs, the spin 
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 wave evolves to ⎟⎟⎠
⎞⎜⎜⎝
⎛= +↑ )2( 0
1
2
)0,(~
),(ˆ
zRi
s
e
z
tzS φϕ
ρ due to Larmor precession in the dc magnetic 
field BB0 and we turn on the σ -polarized reading beam to read the  and . A 
movable half wave plate is inserted front PBS to rotate vertically-polarized and 
horizontally-polarized  fields by 45 , respectively. Thus, D1 and D2 detect the fields 
+
),(ˆ tzS s↑ ),(ˆ tzS s↓
out
+ε
out
−ε 0
( ) 2/045 outoutout −++ += εεε  and ( ) 2/045 outoutout −+− −= εεε  at ±45  orientation, and generate 
the outputs 
0
[ ] ( 2/)2cos(12/ 02245 0 zRoutoutout φϕεεε +±∝+= +−± ) , respectively. Fig.3(a) 
present the relative retrieved efficiencies  (045±N ∫
∫ ±
± =
dtt
dtt
N
out
out
2
0
2
45
45
)(
)(0
0
ε
ε ) as the function 
of 
Rϕ . The solid lines are fits to the experimental data using functions 
( 2/)2cos( Rba )ϕ± , with parameters 00 =zφ , a=0.96 and contrast b=0.96.  
By applying a variable field of the magnetic pulse to the atomic ensemble, we 
implement spin-wave phase operation i.e.  rotation. The relative phase 
shift between  and  components induced by Larmor precession in the 
magnetic field B=B
)(tB
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
zizz e
R φφ 0
01
)(
),(ˆ tzS s↑ ),(ˆ tzS s↓
B0+B(t) can be written as zzz φφφ Δ+= 0 , where 0zφ  is the phase shift 
induced by the dc magnetic field B0B  (~300mG) and  is the phase shift 
induced by the pulsed magnetic field B(t). We apply a current pulse I(t) to a pair of coils 
C1,2
∫∝Δ dttBz )(φ
  to generate the pulsed magnetic field B(t). The generated pulsed magnetic field  
is proportional to I(t). By changing the area  of current pulse, we can control the 
changes of 
)(tB
∫ dttI )(
zφΔ  and then implement the Rz(Δφz) rotation. By observing the interference 
fringe between the readout fields  and , we verify the implementation of the )(tout+ε )(tout−ε
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 Rz(Δφz) rotation. In the experiment, we apply a π/2 linearly-polarized Raman laser pulse 
(with an orientation angle ϕR=80) firstly and then apply a magnetic pulse with a duration of 
τ~7µs to rotate the initial spin wave . After these operations, the spin wave evolves 
to 
)0,(~ zS
⎟⎟⎠
⎞⎜⎜⎝
⎛= Δ+Δ↑ ziis e
z
tzS φ
ρ
0
1
2
)0,(~
),(~
, where 
00 2/ zφϕπ +−−=Δ  is kept unchanging. At t=17µs, 
we tuned on the reading beam to read the spin wave. Fig.3(b) plot the relative retrieved 
efficiencies (square and circle dots) as the function of the relative magnetic pulse 
area  [17]. The solid lines are the fits to the measured data  using sinusoidal 
functions
045±N
A 045±N
( 2/2cos Aba )π± , with parameters 00 =Δ , a=0.93 and contrast b=0.93. The 
magnetic pulse width is ~7µs in the presented experiment, we believe that it can be further 
decreased by improving the coils and the current pulse source.   
To estimate the π/2-pulse fidelity, we perform a Ramsey experiment by applying two 
linearly-polarized π/2 Raman laser pulses with a variable time interval τR. At t=17us,, we 
retrieve the spin wave  into readout signal fields . When the movable λ/2 
waveplate is removed, the readouts  signals are injected into D1 and D2, respectively. 
Fig.4 plots the measured relative photon numbers as the function of interval τ
),(ˆ tzS
out
±ε
out
±ε
±N R. The 
solid lines are the fits to the data  using the sinusoid function ±N
( 2//2cos1 LR Tb )πτ±± , with the Larmor period sTL 61082.2 −×= , and contrasts b+=1 for 
 as well as b+N -=0.85 for . We consider that the deference between b−N + and b- results 
from the imprecisely Raman laser power for π/2-pulse. According to Rf.[13], we calculate 
the π/2 fidelity of %962/)1(2/ ≈+= bFπ by using the lower value of contrast (b-). We 
believe that Fπ/2 can be further improved by more precisely adjusting the Raman laser 
power to obtain a perfect π/2-pulse operation.     
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  In conclusion, we demonstrated the R(θ, ϕ) and Rz(Δφz) rotations of spin-wave vector 
on the Bloch-sphere by applying Raman laser and magnetic field pulses. For the case that 
the initially stored spin wave has one atomic collective excitation (i.e. 
1)0,(~)0,(~ =∫ +↑↑ dzzzN ss ρρ ), the two spin-wave components sharing the one excitation 
become two basis states of  a qubit. Thus the manipulation demonstrated in the presented 
work may be used to implement a single qubit gate operation, which has potential 
applications in QIP based on atomic ensemble.  
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Figure Caption： 
Fig. 1 (color online) The experimental scheme for rotations of the spin wave vector. (a-c) 
atomic level structures of 87Rb atom for optical storage, Raman manipulation and retrieval. 
(d) Experimental setup. R, W and P denote reading, writing, probe laser beams, respectively; 
BS: beam splitter; C1 and C2: coils; PBS: polarization beam splitter; D1 and D2: photo 
detectors.  
Fig. 2 (color online) The coherence population transfer between the spin-wave components 
),(~ tzS
s↑
 and ),(~ tzS
s↓
. The curves (+) and (-) in (a) or (b) are the retrieved signal from 
),(~ tzS
s↑
 and ),(~ tzS
s↓
, respectively. (a) is without Raman laser pulse (b) is with π-Raman 
pulse. The square and circle dots in (c) are the measured Normalized retrieval efficiency N+ 
and N- as the function of . The solid lines are sinusoidal fits to the data. RΩ
Fig. 3 (color online) The normalized retrieval efficiencies  as the function of (a) 
polarization orientation angle ϕ
045±N
R of the Raman laser, and (b) magnetic pulse area A. Blue 
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 square points: ; red circular points: . The solid lines are sinusoidal fits to the data.   045+N 045−N
Fig. 4 (color online) Ramsey fringes for a pair of π/2 pulses with a variable separate time 
τR. Red circular points (blue square points): the normalized retrieval efficiency  ( ). 
The solid lines are sinusoidal fits to the data.  
+N −N
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